We investigated the electrical and optical characteristics of beryllium implanted Mg-doped GaN materials. The Mg-doped GaN samples were grown by metalorganic chemical vapor deposition system and implanted with Be ions at two different energies of 50 and 150 keV and two different doses of about 10 13 and 10 14 cm Ϫ2 . The implanted samples were subsequently rapidly thermal annealed at 900, 1000, and 1100°C for various periods. The annealed samples showed an increase of hole concentration by three orders of magnitude from nonimplanted value of 5.5ϫ10
Electrical and optical properties of beryllium-implanted Mg-doped GaN
We investigated the electrical and optical characteristics of beryllium implanted Mg-doped GaN materials. The Mg-doped GaN samples were grown by metalorganic chemical vapor deposition system and implanted with Be ions at two different energies of 50 and 150 keV and two different doses of about 10 13 and 10 14 cm Ϫ2 . The implanted samples were subsequently rapidly thermal annealed at 900, 1000, and 1100°C for various periods. The annealed samples showed an increase of hole concentration by three orders of magnitude from nonimplanted value of 5.5ϫ10 16 to 8.1 ϫ10 19 cm Ϫ3 as obtained by Hall measurement. The high hole concentration samples also showed low specific resistance ohmic contact of about 10 Ϫ3 ⍀ cm 2 and 10 Ϫ6 ⍀ cm 2 using Ni/Au and Ni/Pd/Au metallization, respectively, without any further annealing process. It is also found from the temperature dependent photoluminescence that the activation energy of Mg dopants of the Be implanted samples has an estimated value of about 170 meV, which is nearly 30% lower than the as-grown samples of about 250 meV. The crystal quality and surface morphology of the Be implanted samples measured by x-ray diffraction and atomic force microscopy show no obvious degradation in the crystal quality and surface morphology. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1494110͔
I. INTRODUCTION
The group III nitride semiconductors, 1,2 especially Gallium nitride ͑GaN͒, have been successfully employed to realize blue-green light-emitting diodes and blue laser diodes, 3-7 UV light sources and detectors. [8] [9] [10] [11] In order to fabricate these devices, it is necessary to implement controllable doping of GaN to realize both n-type and p-type GaN. Generally, n-type GaN has been achieved with the doping of Si 12 and p-type GaN is typically achieved by doping magnesium in metalorganic chemical vapor deposition ͑MOCVD͒ or molecular beam epitaxy. However, the performance of such light-emitting diodes and lasers remains limited by several problems related to the formation of low-resistance ohmic contact to the p-type GaN. The primary reasons are the relative high optical activation energy of Mg of around 250 meV 1 and the formation of Mg-H complexes [13] [14] [15] during MOCVD growth. These have usually been suggested to be responsible for the low activation efficiency of Mg that results in the relative low p-type GaN carrier concentration and high p-contact resistance compared to that of n-type GaN. Most of the reported methods for reducing p contact resistance rely on the improvement of metal-semiconductor interface 16 -18 and optimization of the contact annealing temperature. The activation of Mg acceptors is generally very low and limited to activation ratio of about 10 Ϫ2 -10 Ϫ3 for Mg doping levels between 10 18 and 10 21 cm Ϫ3 . Therefore, a high activation efficiency p-dopant is desirable. Beryllium has low theoretical activation energy of about 60 meV 19 making it a promising candidate for p-type doping in GaN.
We adopt the ion implantation procedure for doping Be into GaN, because it can provide precise control of dopant concentration and depth distribution. It is also easier to incorporate Be into GaN than the MOCVD process. A number of studies on the ion implantation of undoped GaN have been reported earlier, including the thermal stability, 20,21 electrical activation 22 of the implanted species, and the radiation damages 23 were investigated as a function of annealing temperature and condition. The implantation of Be ions in GaN materials showed the implanted ions did not diffuse for the annealing temperature up to 800°C. Photoluminescence ͑PL͒ spectra of Be implanted GaN were earlier reported by Pankove and Hutchby 24 and observed the Be-related peak at 520 nm. However, so far there are no mentions on the implantation of p-doped GaN. In this article, we discuss the results of Be implantation in Mg-doped GaN including the optical, electrical properties and surface morphology, and achievement of high carrier concentration, low specific resistance, and reduction in Mg dopant activation energy.
II. EXPERIMENT
The Mg-doped GaN samples were grown on c-axis sapphire substrates by MOCVD at 1080°C. Prior to 1-m-thick Mg-doped GaN layer growth, a 1.0-3.0 m high temperature undoped GaN and 30-nm-thick low temperature GaN buffer layer was first deposited on the substrate. Trimethlygallium, ammonia, and CP 2 Mg were used as Ga, N, and Mg sources, respectively. These samples were separated into two sets. Firsts set was post-growth annealed for 40 min at 700°C, while the second was not post-growth annealed. The initial hole concentration and mobility at room temperature for post-growth annealed samples before Be implantation were made by Hall measurements to be 5.5ϫ10 16 . The ion projection ranges for energy 50 and 150 keV were estimated to be about 0.25 and 0.66 m, respectively, while the straggles were about 0.09 and 0.18 m, respectively by the TRIM simulation 25 as shown in Fig.  1 . These implanted samples were subsequently rapidly thermal annealed ͑RTA͒ at 900, 1000, and 1100°C for various periods in N 2 ambient. Since a recent report 26 indicated the loss of nitrogen when the GaN sample was annealed above 1000°C without surface protection. Our samples were capped with undoped GaN during the RTA process to prevent the samples dissociation.
The carrier concentration of these samples was determined by Hall measurement at room temperature. The asgrown samples with dimension of 7ϫ7 mm 2 were cut from the wafer first and metal ͑Ni/Au͒ dots were then evaporated in the four corner to obtain electrical contacts in the Van der Pauw geometry. The metal contact was rapidly thermal annealed at 500°C, 30 s in the ambient gas of N 2 to obtain ohmic contact for Hall measurement. The PL measurements were obtained at temperatures ranging from 20 to 300 K using a 325 nm He-Cd laser excitation source. The x-ray diffraction experiments were performed using a highresolution x-ray diffractometer with the Cu K ␤ ͑ϭ1.541 A͒ line. The surface morphology of all samples was examined by an atomic force microscopy ͑AFM͒.
From the AFM data, the surface roughness of the asgrown samples and two sets of samples with different RTA temperatures have rms values ranging from 0.5 to 2.5 nm. This value is comparable with the surface roughness of typical the Mg-doped GaN sample grown by MOCVD. 27 This result suggests that the implantation and RTA process seem to cause no major degradation in the sample surface morphology. The use of an undoped GaN as a cap during RTA process in our experiment could have effectively prevented the surface dissociation of GaN and maintained the good surface morphology after the process.
III. RESULTS AND DISCUSSION

A. Photoluminescence and x-ray diffraction spectra
The PL spectra of the as-grown and as-implanted samples were shown in Fig. 2͑a͒ . The spectra have several typical Mg-related emission lines at 380 nm ͑3.26 eV͒, 392 nm ͑3.16 eV͒, 402 nm ͑3.08 eV͒, 420 nm, ͑2.95 eV͒, 440 nm ͑2.8 eV͒, and 465 nm ͑2.67 eV͒ similar to those reported earlier. 28, 29 The 380 nm ͑3.26 eV͒ peak was assigned to the donor-acceptor pair ͑DAP͒ zero-phonon emission of Mg and the 392 nm ͑3.16 eV͒, and 402 nm ͑3.08 eV͒ peaks were those of the DAP phonon replicas with an energy separation of about 90 meV. The DAP line is attributed to native donorto-shallow Mg-related acceptor transition and the involved acceptor level is of about 200-250 meV deep from the valence band.
1,30,31 A broad blue band at 420 nm ͑2.95 eV͒, 440 nm ͑2.8 eV͒ was also attributed to DAP-type transitions from the deeper donors to the identical shallow acceptor. Additionally, a deeper Mg-related acceptor level of about 530 meV from the valence band corresponding to 465 nm ͑2.67 eV͒ transitions is considered to be due to randomly dispersed deep acceptors, defects, and impurities such as V Ga , V N , Mg Ga , O N , and Mg complexes.
32, 33 As shown in Fig. 2͑a͒ , the intensity of these PL lines becomes much weaker after the implantation, indicating the occurrence of possible lattice damages due to the implantation.
These implanted samples were subsequently rapidly thermal annealed at 900, 1000, and 1100°C for various periods of 15, 30, 45, and 60 s, to repair the implantationinduced damages and to establish optimum annealing conditions. Figure 2͑b͒ shows the PL spectra of the first set of samples for the various annealing periods at 1100°C. The PL spectra shows an additional broad spectrum near 520 nm that is different from traditional yellow band, and is considered to be related to the lattice disorders induced by ion implantation, 34 such as V Ga , V N , and Be complexes. As the annealing period increases, the implantation damage related 520 nm peak is gradually quenched and the 420 and 440 nm peaks are also enhanced. This suggests that the implantationinduced damages are repaired by the RTA process. To further quantify the effect of annealing on the samples, we set the intensity ratio of 420 nm line and the broad band at 520 nm, I 420 nm /I 520 nm as a measure of the relative repair condition of the implantation induced damages. Figure 3 shows the variation of the intensity ratio I 420 nm /I 520 nm as a function of annealing conditions for the first set samples. As can be seen, the intensity ratio has no apparent change for annealing temperature at 900 and 1000°C. However, at annealing temperature of 1100°C, the intensity ratio changes rapidly with annealing time up to 60 s. This result clearly indicates that the implantation-induced damages could be repaired by RTA at 1100°C. Therefore, all the second set implanted samples were annealed at 1100°C for 60 s.
The x-ray rocking curve ͑XRC͒ spectra shown in Fig. 4 show the effect of annealing temperature and periods on the implanted samples. It can be seen that the full width half maximum ͑FWHM͒ decreases as the annealing temperature is raised to 1100°C and becomes lower than the as-grown sample. This data further substantiates the repair of the implantation induced damages during RTA process at 1100°C and the possible filling of Be ions into the native vacancies and repair of the vacancy defects.
B. Temperature dependent of PL spectrum
To examine the effect of Be implantation on Mg-doped GaN samples, we measured the temperature dependence of the PL spectra for the first set of samples before Be ions implantation as shown in Fig. 5͑a͒ . The 380 nm peaks with phonon replica is barely resolved below 50 K and the broad band at 420 and 440 nm are dominated in the PL spectra. We plotted in Fig. 5͑b͒ the relation between the logarithms of the DAP emission of Mg at 420, 440, and 465 nm bands and the reciprocal temperatures. We also measured the temperature dependence of the PL spectra for the second set samples after Be ion implantation with the same RTA condition at 1100°C for 60 s. The relation between the logarithms of the DAP emission of Mg and reciprocal temperature is shown in Fig.  5͑c͒ . Both Fig. 5͑b͒ and Fig. 5͑c͒ show that the PL emission intensity at these wavelengths is nearly constant below the temperature 100 K. The emission intensity then decreases rapidly with the increasing temperature above the temperature 100 K. The variation of the emission intensity I with temperature T shown in Fig. 5͑b͒ and Fig. 5͑c͒ for both 36 These results agreed with earlier reported 37 that p-type GaN with Mg doping has one shallow and another deeper Mg-related acceptor level. However, from the curve fitting of the second set samples, we obtain an activation energy of about 170 meV, which his about 30% lower than that of the first set samples. This result suggests that the implantation of Be has an effect of reduction of Mg activation energy, which can result in increasing the dopant activation efficiency. Figure 6͑a͒ shows the carrier concentration of the first set Be implanted samples with post-growth annealing at implantation energy of 50 keV and dose of 10 14 cm Ϫ2 at different annealing temperatures of 900, 1000, 1100°C and for annealing periods of 15, 30, 45, and 60 s. The result clearly showed no apparent change of the carrier concentration for annealing temperatures of 900 and 1000°C. However, at the annealing temperature of 1100°C, the carrier concentration increases rapidly with annealing time up to 60 s and reaches value of about 2.3ϫ10 19 cm Ϫ3 . This result is consistent with the Fig. 3 PL measurements for the first set samples. Figure 6͑b͒ shows the variations of the carrier concentration with annealing periods for the second set Be implanted samples for different implantation energies and dosages at annealing temperature of 1100°C. The carrier concentration increases with annealing periods for all samples. The samples with implantation energy of 50 keV have higher hole concentration than that of 150 keV. For the 50 keV implanted samples, the carrier concentration reached a highest value of about 8.1ϫ10 19 . This result suggests that low implantation energy with a higher dose is better for achieving high hole concentration. The hole mobility of these two sets of samples was also measured to be in the range of 1ϳ3 cm 2 V Ϫ1 s Ϫ1 , with no particular dependence on annealing temperature. For comparison, we performed the experiment using the as-grown Mg-GaN samples. These samples were annealed at 900, 1000, 1100°C for annealing periods of 15, 30, 45, and 60 s. The results show no major increase in the carrier concentration and mobility with typical values of about 1 ϫ10 17 cm Ϫ3 and 5 cm 2 v Ϫ1 s Ϫ1 , respectively. Additionally, we also performed the experiment on implantation of Be on unintentionally doped GaN under the same annealing conditions at 900, 1000, and 1100°C for various periods. All the samples showed n-type property similar to the results reported by S. J. Pearton et al. 3 earlier. This result was believed to be caused by the implantation induced defects which have the donor property and compensate the Be acceptors. These experiments confirm the implantation of Be is the major cause of the dramatic improvement in carrier density of the Mg-GaN samples. The exact mechanism of high hole concentration is not fully understood yet. However, there are two possible mechanisms that could be responsible for high hole concentration. According to Ref. 27 , the Be ion can capture H much more easily than Mg facilitating the activation of Mg. Furthermore, from the temperature dependent PL data, the Mg activation energy was reduced after Be implantation. This could allow Mg to release the hole more efficiently and increase the activation ratio.
C. Carrier concentration and specific resistance
The specific contact resistance of these samples was investigated using circular transmission line method ͑CTLM͒. The CTLM pattern is shown in Fig. 7 . Both circular and annular pads were patterned on the samples by the standard photolithography technique for measurement of specific contact resistance. The inner dot radius was 200 m and the spacing between the inner and the outer radii were varied from 3 to 45 m. Two types of metal contact layer structure using a new metallization of Ni ͑20 nm͒/Pd ͑20 nm͒/Au ͑100 nm͒, 39 and a typical metallization of Ni ͑20 nm͒/Au ͑100 nm͒ were deposited on both sets of p-type GaN samples with high hole carrier concentration of 8.1ϫ10 19 cm Ϫ3 and 2.3 ϫ10 18 cm Ϫ3 by electron beam evaporation under a pressure of 2ϫ10 Ϫ6 Torr. Without any further annealing process after the contact metallization, both samples illustrate near perfect linear I -V characteristics as depicted in Fig. 8͑a͒ . Total resistance (Y ) measured by CTLM has a linear relation with pad distances (X) as shown in Fig. 8͑b͒ . The specific contact resistance c was determined from following the linear relationship equation, Y ϭ2R c ϩ s /2RϫX and the relation between the specific resistance and the sheet resistance c ϭ s ϫL T 2 , where R c is the contact resistance, s is the sheet resistance, and L T is the transfer length. By fitting the data we obtain a very low specific contact resistance value of 4.5ϫ10 Ϫ6 ⍀ cm 2 for the sample with a carrier concentration of 8.1ϫ10 19 cm Ϫ3 using Ni/Pd/Au metallization, while for the sample with a carrier concentration of 2.3 ϫ10 18 cm Ϫ3 using the typical Ni/Au metallization, it can also reach a low specific contact resistance value of 6.9 
ϫ10
Ϫ3 ⍀ cm 2 without any further annealing process. For as-grown sample with carrier concentration of 5.5 ϫ10 16 cm Ϫ3 , no ohmic contact was measured. The results indicated that Be implantation not only enhances the carrier concentration but also facilitates the p-type contact resulting in very low specific resistance ohmic contact, which is most desirable for optoelectronic devices. Table I summarizes the detail results of Hall measurement and specific resistance for both sets of samples.
IV. CONCLUSION
In summary, we investigated the electrical and optical properties of Be implanted Mg-doped GaN and found that the hole concentration was substantial enhanced for the Be implanted samples without post-growth annealing. The hole concentration as high as 8.1ϫ10 19 cm Ϫ3 was obtained for samples with RTA at 1100°C for 60 s. It is also found from the temperature dependent photoluminescence that the activation energy of Mg dopants for the Be implanted samples has an estimated value of about 170 meV, which is nearly 30% lower than the value of typical as-grown samples of about 250 meV. The crystal quality and surface morphology of the Be implanted samples measured by x-ray diffraction and AFM showed no major changes in the crystal quality and surface morphology. The high hole concentration samples also showed very low specific resistance ohmic contact as low as 4.5ϫ10 Ϫ6 ⍀ cm 2 using Ni/Pd/Au metallization. We believe the implantation of Be in p-type GaN samples is an effective and viable method for achieving a high hole concentration and realization of p-type ohmic contact with low specific resistance for p-GaN material. 
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